Reaching sub-salt hydrocarbon targets in the deeper part of the Gulf of Mexico requires drilling through a salt canopy. The suture zones in the salt canopy are potential drilling hazards due to anomalous pressure behaviour of entrapped sediments. The Pólya vector field of coalescing salt sheets inside the canopy is used to explain suture formation and distinguish between upright and inclined suture contacts. Our analytical models, based on complex potentials, provide exact solutions for multiple source flows as they compete for space when spreading into the viscous continuum of the salt canopy. The velocity gradient tensor yields the strain rate tensor, which is used to map the principal strain rate magnitude inside the canopy. Quantification of one of the principal strain rates is sufficient because the plane deformation assumption ensures the two principal strain rates are equal in magnitude (but of opposite sign); the third principal dimension can have neither strain nor deviatoric stress. Visualization of the locations where the principal stress vanishes or peaks (with highs and lows) is useful for pre-drilling plans because such peaks must be avoided and the stress-free locations provide the safer drilling sites. A case study-of the Walker Ridge region-demonstrates the practical application of our new method.
I N T RO D U C T I O N
Oil production in the Gulf of Mexico accounts for about one fifth of the United States 2012 domestic oil supply and therefore is vital to its energy security. To replace oil and gas production from fields in the shallower water already depleted, companies are gradually moving to deeper waters (Fig. 1a) . Deep water drilling requires not only mastery of a treacherous high pressure drilling environment (Fig. 1b) and is episodically hampered by hurricane shut downs (EIA 2013) , but also involves drilling through the advancing Sigsbee salt canopy. New deep water fields are developed near the leading edge of the Sigsbee salt canopy by all major oil companies at considerable capital expenditure. Examples, of such projects are the Jack, St. Malo, Mad Dog, Blind Faith and Big Foot projects; numerous additional fields are either producing or under development (Table 1) .
Most of the target reservoirs are located in Paleogene sands (Wilcox formation) below the Sigsbee salt canopy (Kulkarni 2013) , which requires drilling through salt bodies ranging in thickness * Previously at: Department of Geoscience and Engineering, Delft University of Technology, Stevinweg 1, Delft 2628CN, the Netherlands. from several hundred meters, through 1 km up to several kilometres. A salt canopy is an allochthonous salt layer formed from salt that migrated up the stratigraphic section. Salt is fed into the canopy by multiple feeder stocks which reach the canopy level as diapiric structures. In the Sigsbee canopy, salt sheets sourced from more than 100 feeders have coalesced in this way to form a canopy covering more than 137 000 km 2 , an area roughly the size of England (Hudec & Jackson 2009) . As the canopy forms, the coalescing salt sheets issued by the salt feeder stocks flow down the continental slope by crystalline creep. The salt canopy in the Gulf of Mexico is today mostly buried by an overburden ranging in thickness from less than 100 m to many kilometres. The buried salt canopy continues its advance towards the continental slope.
Until now no concise method existed to pinpoint the locations in the canopy where salt flow rate, strain rate and viscous creep stress reach peak levels (highs and lows), but our new analytical model described below solves this problem. The model is based on line integrals that use the locations of the salt feeder stocks as inputs and the ramps in the base of salt provide speed control. The line integrals plus speed control based on seismic data (see Section 5) deliver a scaled vector field for the moving salt canopy with high resolution. The analytical method offers exact solutions, which therefore can zoom in up to the scale of a Figure 1 . (a) Depth frontier for deep water exploration drilling has gradually shifted to deeper waters. Commercial production follows within less than a decade. Graph shows 50-yr trend for the Gulf of Mexico (1955 Mexico ( -2005 . Source : Couvillion 2012. (b) Pressures from the deep water reservoirs are increasing and technology innovations must enable their drilling and safe production. Selected data for major deep water projects (green) fall within the envelope of the grey shaded region encircling selected and unnamed (blue) deep water projects. New deep water projects (orange dots; 2005-present) at the leading edge of the Gulf of Mexico shelf region have even higher reservoir pressures. Source: Baker Hughes, Center for Technology Innovation. prospective drilling location. The limiting assumptions are detailed in Section 3. For example, the analytical solutions are exact, but the model can only provide macroscopic approximations of the natural flow, because these become commonly heterogeneous at the metre-scale where impurities and inclusions may perturb flow paths. The outlined method uniquely resolves the local 2-D velocity field, strain rates and principal viscous stresses. Knowing the magnitudes of these physical quantities is a breakthrough in deep water drilling planning, because it helps avoiding treacherous peaks in salt creep rate, strain rate and stress and pinpoints drilling locations that are less risky.
T H E P RO B L E M
Safe exploration and production of pre-salt and sub-salt hydrocarbons require that drilling operations be optimized. Pre-salt and subsalt prospects and plays are important in deep water hydrocarbon exploration and development in major salt basins around the world (e.g. Gulf of Mexico, Angola, Brazil, Zechstein, Levant and PreCaspian basins). Pre-salt and sub-salt both refer to potential hydrocarbon reservoirs below salt, but pre-salt means rocks stratigraphically older than autochthonous salt, whereas sub-salt means rocks stratigraphically younger than the allochthonous salt above them. The distinction is important because for pre-salt targets (as in Santos Basin, Brazil), the overlying salt tectonics is geologically irrelevant (being a later feature), though very important for correct seismic imaging of the pre-salt target, and very important for drilling. In contrast, for sub-salt targets (e.g. Gulf of Mexico) the overlying salt is important for all three aspects: geology, imaging, and drilling (Martin Jackson, personal communication, 6 November 2014) . To reach either pre-salt or sub-salt hydrocarbon prospects, boreholes must penetrate and cross overlying bodies of autochthonous or allochthonous salt. This process can be more challenging than nonsalt drilling for the following reasons. Drill holes having an open Autosutures form between two lobes of the same salt sheet moving at different speeds or in different directions (after Dooley et al. 2012) .
annulus between the casing and the wellbore or uncased wells in salt tend to close by ductile creep (Dusseault et al. 2004; Weijermars et al. 2013) . When wells are cased, additional forces on the wellbore may arise from horizontal flow inside mobile salt layers, an effect common in salt-sheets spreading at continental margins. Localized shear stresses in low-viscosity layers may cause shear deformation of wellbores (Weijermars & Jackson 2014) . Viscous drag forces on the vertical wellbore casing will move the casing horizontally out of its original trajectory. Such displacements need to be accounted for to ensure well integrity for longer production times (Weijermars et al. 2014a ). An additional concern when planning wells through allochthonous salt in the deepwater Gulf of Mexico is the identification and avoidance of certain sutures formed between coalesced salt sheets (Dooley et al. 2012) . One type of suture forms by internal folding and disruption of the original contact surface between the salt sheet and its overlying sediment veneer; these are termed autosutures (Fig. 2) . Larger and more prominent sutures form when different salt sheets coalesce: the junctions between different coalesced salt sheets are called allosutures (Fig. 2) . These allosutures often include trapped sediments, which are potentially hazardous for drillers. The entrapped sedimentary stringers may contain either overpressured or underpressured pore fluids (Schoenherr et al. 2007; Israel et al. 2008) , depending on the depth at which the stringers were originally trapped and their subsequent rise or fall within the salt body. Sediments trapped in salt will not adjust to pore-fluid pressure if not connected to surrounding porous rocks; rock salt has negligible porosity and is impermeable (except under unusual conditions, such as very shallow burial or high fluid pressures; Urai & Spiers 2007) . Consequently, sedimentary stringers trapped at salt canopy sutures inside salt bodies may trigger kicks (when overpressured) or cause lost circulation (when underpressured, creating so-called 'thief zones'); both of these risks make drilling through salt hazardous (Dooley et al. 2012; Weijermars et al. 2013) .
Allosutures can be delineated in seismic images between two coalescing sheets (Figs 3a and b) . Upright allosutures, where the apical suture point is nearly above the basal suture point are frequently observed in natural salt sheets (Fig. 3a) . Such structures are diagnostic for two sheets having formed with constant relative flux strengths (see later). The slope of the contact between the two sheets appears steep in vertical cross-sections, but its plan view may exhibit a curving suture, depending on the relative strengths of the individual feeder sources (see later). Allosutures between coalesced salt sheets may also be inclined when the apical suture point is shifted horizontally with respect to the basal suture point (Fig. 3b) . Our analytical models outlined below show that such sloping allosutures form when one feeder stock has a waxing salt flux (or the other a waning flux), allowing it to override (or be overridden, in the latter case) the steady source.
T H E M O D E L
The dynamics of creeping salt sheets flowing from several feeder stocks into a perfectly horizontal or slightly inclined canopy can be modelled with analytical equations. The sutures evolving between colliding sheets in the model simulations may aid the interpretation of a large range of suture geometries seen on seismic images of a salt canopy. Although seismic and geological observations already give us clues about the general mode of salt advancement, further insight on the most likely spatial distribution of flow velocities in the salt canopy can be obtained from source flow models. The flow from the sources can be described in a concise analytical formulation by complex potentials. The basic model has been comprehensively described in earlier, related studies which applied the method to a range of gravity flows (piedmont ice glaciers, volcanic mud flows, lava flows and salt glaciers; Weijermars 2014; Weijermars et al. 2014b ). This study is an expansion which quantifies the velocity field, strain rate and stress distribution inside moving salt sheets. Analytical modelling experiences somewhat of a renaissance because closed-form solutions combined with modern computing power produce results that can provide fundamental insight in the geomechanics of many geophysical processes (e.g. Schmid & Podladchikov 2003) .
We developed a methodology to visualize salt velocity based on line integrals using the feeder stock locations of multiple sources as inputs (for algorithms see the Appendix). The basic assumptions made to apply the model to salt flow are briefly outlined. First, the lateral flow of salt sheets is modelled by a 2-D approximation. This is justified for salt sheets and canopy flow where the lateral dimension (>10 km) is large relative to the vertical thickness (several 100 m). An analytical 3-D expansion to account for the complex diapiric shapes formed by down building has been presented elsewhere (Weijermars et al. 2015) . Secondly, the model assumes that salt behaves as an incompressible fluid continuum with Newtonian viscosity. Salt is virtually incompressible and little susceptible to geothermal gradients (Heard et al. 1975; Gevantman et al. 1981) . The effective viscosity of halite rock varies with the deformation mechanism (van Keken et al. 1993) . Halite salt bodies may deform by a combination of dislocation creep and solution-precipitation creep (Urai & Spiers 2007) . The total creep rate is equal to the sum of the strain rates for each mechanism. Below a strain rate of about 10 −12 s −1 the viscosity of fine-grained salt (5 mm) becomes Newtonian (van Keken et al. 1993) . Inclusion of non-Newtonian rheology may be possible but is not attempted in this study. Salt flowing at higher strain rates may involve crystalline dislocation creep that follows a power-law behaviour between stress and strain rate (van Keken et al. 1993) . Consequently, the stresses inferred in our study based on the Newtonian viscosity assumption may for higher strain rates-when the natural salt rheology is non-Newtonian-be lower than in the model. Also, the viscosity laws inferred for pure halite may not fully apply to impure rock salts, which have relatively higher effective viscosities. The Hormoz salt (Iran) is an example of such a highly impure salt: it contains oxides of sodium, magnesium, aluminium, silicon, potassium, calcium, iron and anhydrides (Bruthans et al. 2009; Mukherjee et al. 2010) . Study on samples of Hormoz salt show that grain-boundary sliding and fluid films facilitate creep in salt glaciers, leading to heterogeneous distribution of deformation mechanisms and strain rates in both space and time (Desbois et al. 2012) . The rheological heterogeneity of natural salt bodies means any model assuming a homogeneous fluid continuum will only account for the macroscopic flow. Kinematic similarity with the natural prototype (e.g. Weijermars & Schmeling 1986) will break down at the scale of the heterogeneity.
A third critical assumption is that the feeder stocks of the salt sheets are simplified into point sources, while in reality, the feeders have finite dimensions. The dimensions of the feeder stocks often remain poorly constrained or unresolved on the seismic maps. So modelling with point sources is practical, but the kinematic similarity with the natural prototypes becomes inaccurate when results near point sources are translated to feeders with finite diameters. We therefore cap the model values at 10 m from the point sources, but this distance may need to increase when the actual salt stocks have larger radii.
A fourth assumption is that we assume a steady state flux of the salt sources unless stated otherwise (e.g. Figs 5 and 6). Caution must be taken not to confuse source strength assumptions with source flux conditions. The 2-D source code of the line integrals requires inputs of the source rates as strengths (m s in m 2 s −1 ) rather than fluxes (Q s in m 3 s −1 ). Analytical visualizations of 3-D diapiric shapes by downbuilding the salt structures can be generated by superposing a certain vertical flow rate v z corresponding to the regional sedimentation rate (Weijermars 2015a) . The volumetric growth is consistent with the product of source strength and a vertical growth step.
The model illustrated for two coalescing sheets issued from feeder stocks having constant relative strengths spreading onto a horizontal surface (Fig. 4) . Three basic cases can be distinguished: two sources with equal strength (top panel), a pair of strong and weak sources (middle panel) and a pair of strong and very weak sources (bottom panel). The slope of the contact surface (allosuture) between the two sources is steep upright and vertically positioned above the triangular wedge at the base of salt for all three cases (3rd column, Figs 4a-c). Plan views of the coalescing salt sheets exhibit either straight (Fig. 4a) or curving apical sutures (Figs 4b and c) , reflecting the relative strengths of the two sources. The apical suture point always remains located above the basal suture point when two sheets are expanding with constant relative strengths. Such structures are frequently observed in natural salt sheets (Fig. 3a) and are diagnostic for two sheets having formed with constant relative feeder strengths. Allosutures between coalesced natural salt sheets may also be inclined (Fig. 3b) . Such sloping allosutures form when one salt sheet is fed by a source with a waxing strength (Fig. 5) , allowing it to override the adjacent sheet having a constant source strength.
The apical suture point is always shifted horizontally with respect to the basal suture point when one of the feeder stocks has a timedependent source strength. The resulting allosuture will be inclined, as frequently observed in natural salt sheets (Fig. 3b) . The dip of the allosuture is steeper for cross-sections (A) through the feeder stocks of Figs 6(a)-(c) than for sections through the wings of the salt sheets and the slope of the allosuture becomes progressively shallower in sections (B) and (C).
In conclusion, inclined allosutures are diagnostic for salt sheets coalesced with unsteady source strengths. Upright allosutures are indicative of salt sheets emplaced with steady relative source strengths. The above examples did not consider any superposed flow due to a regional topography gradient. The effect of such regional gravity flows on salt sheets are addressed in a companion study (Weijermars et al. 2015) .
V E L O C I T Y F I E L D
In this section, we further analyse the flow kinematics of colliding and coalescing salt sheets fed by individual feeder stocks of steady relative strength. We first concentrate on the principles, and a real world example of coalescing natural salt sheets is discussed in Section 5. In that section, we discuss in more detail the implications of the visualized velocities, strain rates and stress magnitudesespecially of their minima and maxima-for drilling operations. First, we explain the key physical features of the coalescing sheets in a systematic analysis (this section).
The stream lines for two coalescing salt sheets of equal strength are mapped (Fig. 7a) , side by side with a contour map of the corresponding vector field (Fig. 7b) . The vector field contours reveal the exact position of the stagnation point, where the absolute velocity vector in this steady state flow remains zero at all times. The stagnation points between the sources is located centrally on the apical suture outline, which along its entire length is a zone of relatively sluggish flow. For drilling operations, stagnation points might be considered relatively stable locations in the sense that horizontal salt flow is absent and cannot displace the wellbore trajectory. However, its positioning along the apical suture line may coincide with sediments trapped in the allosuture which oftentimes may have anomalous pressure (cf. Section 2). An additional objection against drilling in stagnation points is that the principal strain rates are not zero but elevated (compare Figs 7b and c) .
In each case modelled (Figs 7-9) two points of zero strain rate emerge which do not coincide with the stagnation point, but are symmetrically positioned at either side of it. These zero strain rate points mark the locations where the velocity gradient is zero (Figs 7c, 8c and 9c), which occurs when the flow lines from each of the two source become exactly parallel and have equal velocity (Figs 7a, 8a and 9a). The points of zero strain rate are locations where the principal stress is zero. The points of zero strain rate are located along the apical suture line, which implies trapped sediments with anomalous pressure behaviour may make drilling of these locations still risky. Additional examples of zero strain rate points for variable constellations of multiple sources are given in the Appendix (Figs A1 and A2) .
Isocline maps for the orientations of the principal axes of shear strain rate were also mapped (for algorithms see the Appendix), which are useful for visualizing the four nodes where either sources are located or strain rate is absent (Figs 7d, 8d and 9d) . The upper and lower nodes coincide with the two source locations where the principal strain rate is maximum. The left and right nodes (Figs 7d, 8d and 9d) coincide with the locations where the principal strain rate is zero. The above simulations are valid for two sources with equal strength (Fig. 7) , a pair of strong and weak sources (Fig. 8) , and a pair of strong and very weak sources (Fig. 9) . A comparison of the simulations reveals the systematic shift of both the stagnation point and the two points of zero strain rate towards the weaker source. The closer proximity of the points of zero strain rate to the weaker source also shows up in the isocline map of the principal shear strain rate angle (Figs 8d and 9d) , which have two nodes of zero shear strain rate clustered near the weakest source (especially clear in Fig. 9d ). Further visualization of points of zero strain and isoclines of principal shear strain rate axes are given in the Appendix (Figs A1 and  A2 ). There are always two principal shear strain axes in the plane of 2-D flow; their isocline maps are similar, except for a 90 degree shift in the scaling colours.
For pre-drill plan development, 3-D rendered images of the spatial distribution of velocities and strain rates in moving salt sheets provide a quick overview of the potential risk zones (Figs 10a and b). These 3-D images can be integrated with virtual reality visualizations of drillhole trajectories commonly used in the petroleum industry to convey the results of specialist studies to multidisciplinary teams. For safer drilling we need to understand where strain rates (and stresses) are peaking to ensure that these cannot damage drill strings, wellbores and/or casings. Unexpected loss of drilling fluid may occur if salt creep stresses on the wellbore are poorly constrained and exceed the tensile strength of the host rock.
We therefore produced 3-D views of the velocity field and the strain rates in a real world study area (see Section 5).
P R A C T I C A L E X A M P L E
A detailed base of salt map for the Walker Ridge region in the Gulf of Mexico shows a typical pattern of ramps and flats centred around deep salt feeder stocks (Fig. 11a) . The Walker Ridge region occupies the leading edge of the Sigsbee salt canopy. The southern termination of the canopy occurs at the Sigsbee escarpment, a topographical feature that is the surface expression of active salt tectonics, because it occurs precisely at the deformational front where the seaward-spreading Sigsbee salt canopy overthrusts the adjacent seafloor (Hudec & Jackson 2009 ). The salt volumes flow from nested sources into the canopy as it forms and advances down the continental slope. Any ramps in the base of salt (Fig. 11a) are the result of variations in the sedimentation rate. The ramps form during relatively rapid sedimentation as compared to flats that typically form when sedimentation rates are slower. Consequently, ramps in the base of salt are palaeofronts of the advancing canopy. Stratal cut-offs provide dates for the formation of the ramps and constrain the speed of canopy advancement. The continuity and regular spacing of the ramps suggest that the rate of salt advance was more or less steady, which justifies our assumption of steady sources for this subregion.
The location of the feeder stocks is also well constrained. The feeder stocks of the canopy visible in the base of salt map of the Walker Ridge area, have been used to generate a best-fitting model for the creep flow displacement (Fig. 11b) . The strengths of the four feeder stock sources visible in Figs 11(a) and (b) are assumed steady; the magnitudes that give a best fit between the isochrons in the model and the ramps in the study area are given in Table 2 . The effects of transient flow are included in a study of the greater Walker Ridge region (Weijermars 2015b ). The subarea studied in the present paper was selected for advanced modelling of dimensional velocities, strain rate and stress, because for this subregion there is very little doubt about the strengths required to duplicate the natural flow patterns reflected in the base of salt map.
The theoretical decay of the velocity as one moves away from the strongest feeder source (nr. 5 in Fig. 11b and Table 1 ) is given in Fig. 12 . The ultrafast rate of 4 m yr -1 occurs at 10 m from the centre of the source and exponentially declines to 8 cm yr -1 at 500 m, and 4 cm yr -1 at 1 km distance to the source. The vector field (see the Appendix) and the exact positions of the points of flow stagnation were mapped for the study region of Fig. 11 and are separately indicated in Fig. 13 . The velocity field around the salt feeders is shown in a 2-D map and 3-D relief view produced in Matlab code. Selected contours for the velocities are included in Fig. 13(a) . Salt flow is fastest near feeder stock 5 (see Fig. 11b for reference). Salt velocity declines towards the stagnation points, where velocity becomes zero. The velocity profiles of Fig. 13(b) quantify where steep velocity peaks near the feeder stocks and compares various N-S cross sections. The creep rates in the Walker Ridge study region are an order of magnitude higher than those inferred for Mitchell Dome, which are 2.1 mm yr -1 at 1 km from the feeder source and 1.2 mm yr -1 near the leading edge of the advancing salt sheet (Weijermars et al. 2015) . The difference in the salt flow rates for Walker Ridge and Mitchell Dome we ascribe to a thicker sediment load at the leading edge of the salt canopy, pumping out salt faster into the canopy of the Walker Ridge region than in Mitchell Dome region.
The theoretical decay of the strain rate as one moves away from the strongest feeder source (nr. 5 in Fig. 11b and Table 1 ) is quantified in Fig. 14 . The ultrafast strain rate of 0.4 yr −1 occurs at 10 m from the centre of the source and declines to 1.5 × 10 −4 yr −1 at 500 m, and 5 × 10 −5 yr −1 at 1 km distance to the source. Modelling with point sources is practical, but the kinematic similarity with the natural prototypes becomes inaccurate when results near point sources are translated to feeders with finite diameters. We therefore cap the model values at 10 m from the point sources, but this distance may need to increase when the salt stocks have larger radii.
The strain rate contour map for the study area of Figs 11 and 13 is summarized in Fig. 15 . Please note that the zero strain rate points x + v 2 y is contoured using natural log to enhance the colour gradient; linear scale included in 2-D map (right scale). (b) Three N-S sections emphasize steep peaks in velocity at the feeder source locations and rapid decline away. Lowermost profile is through stagnation point located between source 4 and 5 (for source numbers see Fig. 11b ). Top graph ordinate is linear; middle graph ordinate is ln(v); bottom graph is linear. Figure 14 . Principal strain rate (e 1 ) inside the creeping salt moving away from the strongest source (nr. 5 in Fig. 11b ) if operating in isolation. Inset shows enlarged vertical scale for the strain rate decline between 0.5 and 1 km away from the source. Figs 13(a) and 15(a) , showing 2-D (top row) and 3-D (bottom row)maps for (a) the velocity field and (b) the principal strain rate. Velocity scale is log scale (i.e. natural log). Strain rate is log scaled (i.e. natural log). Grid increments are 0.01 (10 m) in 2-D map and 0.1 (100 m) in 3-D view. Coordinates are in km and correspond to the scale grading used in regional client study. Circular regions in perspective diagrams outline 0.5 km radius zone where peak values occur for velocity and stress induced by the strain rate, assuming a dynamic viscosity of salt equal to 5×10 18 Pa s.
( Fig. 15a ; derivatives of the velocity gradient tensor; the Appendix) occur in different locations than the stagnation points (Fig. 13a) . The mismatch of stagnation points and points of zero strain rate is in accordance with our analysis in Section 4. In contrast, the highest strain rates and velocities both occur near the feeder stock sources, as follows from a comparison of Figs 13(a) and 15(a) .
Peaks in stress associated with the strain rate due to creep velocity gradients can also be determined. The differential stress is computed as the deviatoric stress theoretically required to maintain the observed strain rate for a particular viscosity assumption. The viscous stress highs and lows follow directly from the strain rates [eq. (A23) from the Appendix), using a typical effective dynamic viscosity of 5×10 18 Pa s obtained for Louann salt of Mitchell Dome based on analytically calibrated advance rates (Fletcher et al. 1995; Weijermars et al. 2015) . The theoretical decay of the stress as one moves away from the strongest feeder source (nr. 5 in Fig. 11b and Table 1 ) is quantified in Fig. 16 . The model shows a deviatoric stress of over 100 GPa at 10 m from the centre of the source, which declines to 51 MPa at 500 m, and 13 MPa at 1 km distance to the source. The theoretical peak value of 100 GPa is unlikely to be attained in nature, because feeder sources have finite diameters and the stress peak values will decline with feeder the radius. When assuming a feeder radius of 50 m, the stress would not exceed 5 GPa, which seems more realistic as it does not exceed the brittle-ductile transition strength of salt (Weijermars et al. 1993) . Given the range of peak stresses, any such elevated stresses should be avoided by wellbores in favour of locations with lower stresses and strain rates.
The velocity field and strain rate distribution for a subarea located in the NW part of the study area of Figs 13(a) and 15(a) is mapped in Figs 17(a) and (b) . The stagnation point, where the horizontal velocity of salt creep is zero, occurs nearest to the weakest source in our study region (Fig. 17a) . The salt flow rate at 500 m from the sources is 4 cm yr -1 for source 4 (use Fig. 11b for reference) and 2 cm yr -1 for source 3. The regions of stress peaks are marked on the strain rate map of Fig. 17(b) . These peak stresses drop off rapidly when moving away from the sources (similar to Fig. 16 ). Still higher resolution is possible for the study area, as is illustrated by Figs 18(a) and (b), which highlight the velocity field and strain rate distribution for a subarea located in the NW part of Figs 17(a) and (b). These maps have a resolution of grid increments down to metre-scale and therefore are useful for assessing the lows and highs in salt creep rate (velocity), strain rate and stress at possible drill sites, assuming that the salt rheology remains homogeneous and Newtonian in our study region. The 2-D and 3-D contour maps again confirm that velocity and strain rate peaks commonly occur in the same locations at the sources. However, points of flow stagnation and zero strain rate points do not coincide as follows from a comparison of Figs 18(a) and (b). The points of flow stagnation do not show up on the isocline map of orientations of principal axes of shear strain rate (Fig. 19a) . In contrast, the isocline map does show the points of zero strain rate as well as the adjacent sources.
Our method allows for geomechanic characterization of potential drill sites at high spatial resolution, because the scale of resolution for our analytical description is unlimited. However, limited information on feeder stock diameter and compositional heterogeneity of the salt bodies may introduce divergence between the model quantities and natural rates in locations where the physical properties and dimensions differ from those assumed in the model. Nonetheless, stability analysis of potential well locations would benefit from pre-drill quantification of velocity, strain rate and stress peaks. 
D I S C U S S I O N A N D C O N C L U S I O N S
The kinematics of a 2-D salt sheet flow system, captured in our analytical model, are visualized in contour maps of the velocity field, strain rate and deviatoric stress (using the algorithms summarized in the Appendix). The basic flow model does not dependent on any specific viscosity inputs. Stresses can be scaled based on the strain rate magnitude derived from the velocity gradient tensor and viscosity is then the scalar connecting stresses and strain rates as shown in Section 5 and the Appendix (Section A4). Our analytical description is valid for both viscous and inviscid steady flows. A range of systematic changes of input parameters results in a range of observable differences in outputs.
Our aim from the outset was to construct a simple controllable and scalable model with identifiable parameters that describe the system of states for nested salt source flows. The number of input parameters required in our model description is minimal. The feeder stock locations constrain the flow pattern, which may vary depending on relative onset times and steadiness or time-dependency of the strength of each feeder source. The absolute rates of flow of individual salt feeders can be estimated from stratal cut-off at calibration points in the base of salt. The spatial distribution of the velocity field is then solved using complex potentials. The strain rate field follows from the velocity gradient tensor and the deviatoric shear stress in each point follows from the product of the shear strain rate with the viscosity scalar [see the Appendix A, eq. (A23) ].
An advantage (strength) of our method is that model order reduction is not required as solutions can be computed for any desired scale of spatial resolution from our analytical equations. Analytical models have infinite resolution and allow zooming in with high computational accuracy on the most suitable locations for stable wellbores. The only inputs required are the feeder stock locations from the base of salt maps together with dated stratal cut-offs at the salt ramps. Limitations of our method (outlined in Section 3) are the 2-D flow assumption (justified for thin and long salt sheets), Newtonian viscosity for salt rheology, point sources for finite feeders and steady state strength for the salt feeder sources. In spite of the limiting assumptions, we think the method presented here provides valuable insight to constrain physical quantities such as flow rates, strain rates and stresses relevant for drilling operations.
We analysed salt creep in an area of the Sigsbee salt canopy, establishing the velocity field and its velocity gradient to map the locations of high and low strain rates. The low strain-rate locations have the lowest viscous stress and provide the most stable wellbore sites. Until now no high-resolution method existed to pinpoint the low stress locations in the salt canopy. Numerical methods with much lower resolution may miss the points of zero strain rate. The new analytical method presented here therefore provides valuable information for safer drilling operations in the Gulf of Mexico and in similar salt sheets drilled elsewhere.
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V(z) is analytic if and only if the Pólya vector field V (z) is irrotational and incompressible, so that Cauchy-Riemann equations are fullfilled (theorem 3.4 of Brilleslyper et al. 2012) .
A2 Specific velocity vector field
Nested source flows can be described by specifying the real and imaginary position, respectively x s and y s , of the sources. The specific complex potential of the 2-D vector field produced by n sources in the complex plane is (Potter 2008, p. 25) :
The vector field for such nested source flows is given by a polynomial function in the form of complex series (Brilleslyper et al. 2012, p. 206) :
The above vector field is analytic as follows from the fact that the conjugate Pólya vector field V (z) is irrotational and incompressible. It is noted that Potter (2008) does use the term Pólya vector field for the conjugate derivative of the complex potential, but distinguishes the 
This assumes finite thickness for the flow so that h is a characteristic length scale. The flux Q s of a source is given by (for r > 0):
The radial velocity v r of each individual source is (for r > 0):
The next step is to calculate all the stream lines in the fluid continuum occupied by the nested sources. For this we need to abstract the velocity vectors in x and y direction (v x and v y ) throughout the flow space and these are given by V(z) = v x − iv y For the multiple sources we can obtain the velocity in the x and y directions from the following derivation: 
These are the two velocity vectors (v x and v y ) in x and y direction throughout the flow space, which thus describe the full Pólya vector field. Downbuilding of the source flow is possible by a certain rate v z , perpendicular to the (x, y) plane.
A3 Velocity gradient tensor
The velocity gradient tensor can be readily derived from the velocity matrix. This is useful in order to find the strain rate. Tensor theory states that any second rank tensor can be decomposed into a so called symmetric and antisymmetric tensor. These two tensor operators, when applied to the velocity gradient tensor, are known as the strain rate tensor and the rigid rotation rate (or 'vorticity' or 'curl'), respectively.The generic velocity gradient tensor is:
Differentiation of the Pólya vector field V(z) with respect to x and y yields the velocity gradient tensor for our nested source flows: 
The velocity gradient tensor ∇V can be decomposed by∇V = 
By geomechanical convention e 1 (mostly compressional) is taken positive and e 2 (mostly extensional) is taken negative, but an opposite sign convention is used in mechanical engineering. The maximum shear strain rate is:
e xy,max = e xx − e yy 2 2 + e 2 xy .
and maximum shear rate angles are respectively given by:
tan (2θ S ) = e xx − e yy 2e xy , θ S = θ ± 45
• .
From eq. (A12) it follows v xx = −v yy and v xy = v yx which means that the Cauchy-Riemann equations are satisfied. Consequently, the principal strain rates, the maximum shear strain rate and isoclines of its principal axes can be simplified by substituting e yy = −e xx . Hence they become: 
The above equations allow the visualization of the velocity field, strain rates and the shear strain rate angle.
